ABSTRACT: FtsZ is the organizer of cell division in most bacteria and a target in the quest for new antibiotics. FtsZ is a tubulin-like GTPase, in which the active site is completed at the interface with the next subunit in an assembled FtsZ filament. Fluorescent mant-GTP has been extensively used for competitive binding studies of nucleotide analogs and synthetic GTPreplacing inhibitors possessing antibacterial activity. However, its mode of binding and whether the mant tag interferes with FtsZ assembly function were unknown. Mant-GTP exists in equilibrium as a mixture of C2′-and C3′-substituted isomers. We have unraveled the molecular recognition process of mant-GTP by FtsZ monomers. Both isomers bind in the anti glycosidic bond conformation: 2′-mant-GTP in two ribose puckering conformations and 3′-mant-GTP in the preferred C2′ endo conformation. In each case, the mant tag strongly interacts with FtsZ at an extension of the GTP binding site, which is also supported by molecular dynamics simulations. Importantly, mant-GTP binding induces archaeal FtsZ polymerization into inactive curved filaments that cannot hydrolyze the nucleotide, rather than straight GTP-hydrolyzing assemblies, and also inhibits normal assembly of FtsZ from the Gram-negative bacterium Escherichia coli but is hydrolyzed by FtsZ from Gram-positive Bacillus subtilis. Thus, the specific interactions provided by the fluorescent mant tag indicate a new way to search for synthetic FtsZ inhibitors that selectively suppress the cell division of bacterial pathogens.
F luorescent nucleotides are widely employed in the biosciences due to their ease of use and detection sensitivity. 1 However, the added fluorescent tags can modify molecular recognition or enzymatic activity with respect to the natural nucleotide. Fluorescent mant-GTP (2′/3′-O-(N-methyl-anthraniloyl)-guanosine-5′-triphosphate) 2 ,3 has been used as a chemical probe to investigate GTP-binding proteins over three decades. Functional studies have shown that mant-GTP is hydrolyzed similarly to GTP by p21 NRAS , 4 is also hydrolyzed by G 0 protein, 5 and is processed to mant-cGMP by the nitric oxide receptor guanylyl cyclase, 6 but the mant tag inhibits membrane adenylyl cyclase 7, 8 and alters the kinetics of nucleotide hydrolysis and exchange by small GTPases. 9 On the other hand, mant-GTP was reported to promote tubulin assembly into microtubules in a similar fashion as GTP. 10 However, detailed structural information on bound mant-GTP is scarce. 7, 8, 11, 12 In addition, the commonly employed mant-GTP is a mixture of 2′-and 3′-substituted isomers ( Figure 1A ) in slow equilibrium via acyl migration. 3 The essential cell division protein FtsZ assembles into the Z ring that determines the division plane and recruits the remainder of the cytokinetic machinery in most bacteria. 13, 14 FtsZ is a structural homologue of eukaryotic tubulin, and both are distinct GTPases whose interfacial active site is formed by the association of consecutive monomers, upon assembly into similar polar protofilaments. 15 GTP binding is required for assembly, and its hydrolysis to GDP triggers disassembly, giving rise to microtubule dynamic instability 16 and FtsZ polymer dynamics. 17 Due to its central role and ubiquity, FtsZ is an attractive target for the discovery of new antibacterial agents, 18−24 which are urgently needed to fill the gap in antibiotic discovery and to counter the spread of antibioticresistant pathogens. 25 In this context, we employed mant-GTP to probe the kinetics and energetics of FtsZ-nucleotide interactions 26 and established a competitive assay using the fluorescence polarization of bound mant-GTP to determine inhibitor binding to the FtsZ nucleotide-binding site. 27 We have also employed this mant fluorophore-based assay to investigate the mechanism of C-8 substituted nucleotide FtsZ inhibitors 28, 29 and to identify new GTP-replacing inhibitors of bacterial cell division that are active on resistant pathogens. 30−32 Remarkably, the 2′/3′-mant-GTP isomer mixture behaved as a single ligand species in these studies.
However, the mode of 2′/3′-mant-GTP binding to FtsZ has remained obscure. Key questions include whether one or both regioisomers bind to FtsZ, the ligand bound conformation and identification of the binding epitope, and how the bulky mant group is accommodated in the GTP binding site. While addressing these questions, we have also found that mant-GTP bound at the association interface between monomers drastically interferes with FtsZ assembly. The results indicate that the specific interactions made between the mant group and the GTP binding domain may be exploited to design new antibacterial FtsZ inhibitors.
■ RESULTS AND DISCUSSION
Conformational Analysis of 2′-and 3′-mant-GTP Nucleotides in Solution. The conformation of nucleotides can be generally defined by three key structural features: the ribose puckering (C2′ endo vs C3′ endo), the glycosidic torsion angle (anti-type vs syn-type), and the exocyclic C4′− C5′ bond orientation 33 (Supporting Information Figure  S1A ,B). NMR analysis of the vicinal H/H coupling constants (J), 29 especially J 1′2′ and J 3′4 (Figure 1 ), indicated that 2′-mant-GTP (J 1′2′ = 4.6 Hz and J 3′4′ = 5.4 Hz) is in equilibrium between the C2′ endo and C3′ endo ribose conformations at a 50:50 ratio, whereas 3′-mant-GTP (J 1′2′ = 7.6 Hz and J 3′4′ = 1.9 Hz) has a strong preference for the C2′ endo geometry. The NOE pattern between the guanine H8 and the ribose protons has proven useful to determine the type of conformation around the glycosidic linkage. 34 Thus, the presence of strong NOE contacts between the ribose H2′ and/or H3′ with guanine H8 strongly suggests a predominant anti geometry, whereas strong H1′−H8 NOE cross-peaks are indicative of a major syn conformation ( Figure S1C ). The structural information was obtained from a NOESY experiment ( Figure  2A ), which indicated that both 2′-and 3′-mant-GTP were present predominantly in the anti-type conformation, as nonsubstituted GTP.
29 2′-mant-GTP presents a medium H8− H2′ and a weak H8−H3′ NOE contact on the spectrum, whereas 3′-mant-GTP presents only a strong NOE contact between H8 and H2′. Nevertheless, for 2′-mant-GTP, a small contribution of the syn conformer was detected (weak H1′−H8 NOE). The relative intensities of H8−H2′ and H8−H3′ NOEs in 2′-mant-GTP correlate with the significant proportion of C3′ endo geometry ( Figure S1C ), which is consistent with the Jcoupling values. For 3′-mant-GTP, the H8−H2′ NOE crosspeak confirms a major C2′ endo ribose conformation in solution. No NOE contacts were observed between the fluorescent tag and ribose or guanine protons. In summary, from the NOE and J-coupling data, it was possible to deduce distinct conformers for 2′-and 3′-mant-GTP; nonconstrained molecular mechanics conformational analysis indicated two major local minima for the 2′-mant-GTP isomer in the C2′ endo and C3′ endo conformations and one major local 1 H NMR spectrum of 2′/ 3′-mant-GTP recorded at 600 MHz and 298 K. The resonances from each isomer are resolved as indicated by blue labels for 2′-and red labels for 3′-mant-GTP. See also Figure S1 . The ribose conformation may be deduced by measuring the vicinal H/H coupling constants (J), particularly J 1′2′ and J 3′,4′ , as well as the proton−proton NOEs within the ribose ring and those between the ribose ring and H8 of the guanine base. Small J 1′,2′ values (<3 Hz) are characteristic of a predominant C3′ endo form, whereas medium-large J 1′2′ values (ca. 7 Hz) correspond to major C2′ endo ribose conformations. Additionally, J 1′,2′ and J 3′,4′ are expected to be strongly anticorrelated. J-coupling inspection of the GTP 1 H NMR spectrum (J 1′,2′ = 5.8 Hz and J 3′,4′ = 3.7 Hz) thus revealed that GTP adopts both C2′ endo (75%) and C3′ endo (25%) conformations in solution. 29 Similarly, for 2′ mant-GTP (J 1′2′ = 4.6 Hz and J 3′4′ = 5.4 Hz) there is an equilibrium between the C2′ endo and C3′ endo ribose conformations at a 50:50 ratio, whereas for 3′ mant-GTP the coupling constants (J 1′2′ = 7.6 Hz and J 3′,4′ = 1.9 Hz) clearly indicate a strong preference for the C2′ endo geometry. minimum for 3′-mant-GTP in the C2′ endo conformation, which account for the NMR experimental data and were selected to represent the main conformations present in solution ( Figure S1D−G) . Indeed, Molecular Dynamics (MD) simulations supported C2′ endo and C3′ endo conformations of 2′-mant-GTP and the preference of 3′-mant-GTP for the C2′ endo pucker observed by NMR ( Figure S2 ).
Conformation of FtsZ-bound 2′ and 3′ mant-GTP. A tr-NOESY Analysis. Nucleotide devoid FtsZ from the thermophilic archaea Methanococcus jannaschii (Mj-FtsZ) has proven to be a robust model for NMR ligand binding studies of the conserved nucleotide binding site of unassembled FtsZ monomers. 29 Previous biochemical results were compatible with Mj-FtsZ binding both 2′-and 3′-mant-GTP isomers at a similar rate. 26 We measured the binding equilibrium of mant-GTP to apo-FtsZ in the Tris-D 2 O buffer used for NMR experiments, compared to Tris-H 2 O buffer, with fluorescence anisotropy titrations. 27 These results showed that D 2 O does not modify mant-GTP binding; the data were fitted by model binding isotherms with a single equilibrium binding constant K b = 4 × 10 5 M −1 ( Figure S3A ), indicating that both 2′-and 3′-mant-GTP isomers bind to Mj-FtsZ with similar affinities weaker than GTP affinity (ca. 1 × 10 8 M
−1
).
27
NMR tr-NOESY provides an adequate means to determine the conformation of bound ligands. 35, 36 For the NMR experiments of mant-GTP binding to unassembled Mj-FtsZ, to avoid any interference from FtsZ self-association, we used Tris-D 2 O buffer without magnesium at 298 K ( Figure S3B ). In contrast to the null cross-peaks of the free ligand at 298 K, in tr-NOESY experiments, strong negative NOEs were detected for both 2′-and 3′-mant-GTP isomers in the presence of Mj-FtsZ ( Figure 2B ), which indicates that the protein binds both isomers in a similar fashion. The time scale of the NMR measurements is too fast to allow interconversion (the isomer re-equilibration half time is 7 min at pH 7.4
3 ). To evaluate mant-GTP binding specificity, we repeated the mant-GTP-FtsZ tr-NOESY in the presence of GTP. According to the relative affinities of GTP and mant-GTP binding to Mj-FtsZ, GTP is expected to suppress mant-GTP binding to the nucleotide site. All of the negative cross-peaks of mant-GTP isomers disappeared from the tr-NOESY spectrum upon the addition of GTP ( Figure 2C ). This result indicates that the tr-NOEs of 2′-and 3′-mant-GTP arise from the specific interaction with the Mj-FtsZ GTP-nucleotide binding site. A complete displacement of mant-GTP binding to FtsZ by GTP was also observed by fluorescence anisotropy at probe concentrations 3 orders of magnitude lower 26, 27 than in the NMR experiments. The anti and syn population distribution in the bound state was estimated by evaluating the intensities of the H8−H2′, H8−H1′, and H8−H3′ crosspeaks ( Figure S1B ). The presence of the H8−H2′ NOE contact with the concomitant absence of the H8−H1′ NOE cross-peak ( Figure 2B ) indicates that both 2′-and 3′-mant-GTP adopt a similar anti-type geometry as the bioactive conformation. Mj-FtsZ thus selectively recognizes the major anti-type conformation of mant-GTP isomers present in solution, similarly to the unmodified guanine nucleotide, 29 rather than the minor syn-type 2′-mant-GTP conformation detected in the free probe. Regarding the puckering of the ribose ring, extensive line broadening effects prevented extracting nonambiguous structural information by coupling analysis at several mant-GTP/FtsZ molar ratios (3:1, 9:1, and 12:1). However, the relative intensities of the H8−H2′ and H8−H3′ NOEs correlate with the proportion of C2′ endo and C3′ endo geometries analyzed above ( Figure S1C ). The similar relative intensities found in the bound and free states indicate that identical ribose puckering conformations present in solution for each mant-GTP isomer are recognized by MjFtsZ. Thus, FtsZ nonselectively binds 2′-mant-GTP in both C2′ endo and C3′ endo conformations, and 3′-mant-GTP in the preferred C2′ endo conformation, in contrast with the single C3′ endo conformation of GTP that is selectively bound by this protein. 29 The presence of the mant substituent at either the 2′ or 3′ positions markedly modifies the conformational behavior of the furanose moiety. Finally, no additional NOE contacts between the nucleotide and the fluorescent tag protons of mant-GTP were detected in the bound state.
Binding Epitopes of 2′-and 3′-mant-GTP Determined by STD Experiments. The binding modes of the 2′-and 3′-mant-GTP isomers to the FtsZ nucleotide binding site were also analyzed using STD-NMR 35 competition binding experiments. This method is highly convenient to determine whether two different ligands bind to the same site, distinguishing competitive from noncompetitive binding. 37, 38 STD competition experiments were thus performed with mant-GTP and MjFtsZ in the presence of GTP at different concentrations, to assess the binding specificity. We observed a partial decrease in STD proton signals of 2′-and 3′-mant-GTP upon the gradual addition of GTP ( Figure 3A and B). The initial decrease in the STD intensity is compatible with competition for the same binding site. However, signals remained in the STD spectra that corresponded to the ribose/guanine and aromatic mant protons. In GTP excess, ca. 42% of the ribose and 55% of the aromatic proton STD signal remained in the STD spectra.
These results indicate that under our STD-NMR conditions at high concentrations (0.6 mM mant-GTP, 30 μM FtsZ). different interactions between mant-GTP and FtsZ can be detected. Mant-GTP exhibits specific binding to the GTP site, in addition to nonspecific interactions ( Figure S4 ). Figure 3C shows the specific STD intensities obtained by subtracting the remaining nonspecific STD intensities at a 4:1 GTP/mant-GTP ratio from the total STD intensities in the absence of GTP. The larger saturation signals arise from ribose H1′, followed by the aromatic mant protons, indicating a significant specific interaction between the fluorescent tag and the FtsZ binding site. The epitope mapping for 2′-and 3′-mant-GTP is similar. The major difference between the isomers is the higher percentage of the STD for H8 in 2′-compared to 3′-mant-GTP. These results point out specific binding of the covalently attached mant tag to the GTP binding domain of the protein.
We attribute the additional nonspecific STD intensities to transient low-affinity adsorption of mant-GTP at the protein surface, irrespective of its conformation, which was not picked up by the less sensitive conformation-detecting tr-NOESY experiments. STD is a highly sensitive method that can detect weak interaction events even in the millimolar affinity range.
Insights from FtsZ−mant-GTP Model Complexes. The NMR results contain key structural information that defines the bioactive conformations and epitopes of both the 2′-and 3′-mant-GTP isomers when bound to FtsZ monomers. Therefore, to obtain insights into the binding mode of each isomer in the FtsZ nucleotide site, we employed computational methods to provide detailed models of the Mj-FtsZ-mant-GTP complexes. Representative conformers of each isomer, obtained from MD simulations in water, were substituted for GTP in the crystal structure of Mj-FtsZ; the protein complexes were then subjected to MD simulations. The protein and ligand root-mean-square deviations (RMSD) from the initial coordinates were stabilized during the first portion of the MD trajectories ( Figure S5A,B) . The ligand and binding site exhibited flexibility, and the mant group switched between different rotational states (see Supporting Information Movies M1−M3). Representative complex structures that were compatible with the NMR results were observed during these independently performed MD simulations (Figure 4) . Mj-FtsZ accommodates the mant substituent opening a cavity ( Figure S5C ) between the ribose recognition loop T5 and helix H5, loop T6, and the N-terminal portion of helix H7 that bind the base. mant-GTP thus binds into a tripartite site that lodges the triphosphate, the guanine, and the mant moieties extending from the ribose scaffold ( Figure 4A−C) , although each 2′ and 3′ isomer adopts a different geometry ( Figure S5D ). Of note, the mant group overlaps with the position of naphthalene or biphenyl cores of synthetic GTPreplacing FtsZ inhibitors ( Figure S5E) . 30, 32 Compared to nonsubstituted GTP, the ribose and guanine rings are displaced toward the phosphate-binding region, particularly in the C2′ endo ribose conformers. The nucleotide contacting structural elements undergo displacements to accommodate mant-GTP ( Figure 4A−C) . Interestingly, the aromatic mant group disables a π-stacking interaction between conserved FtsZ residues Phe 162 (loop T5) and Phe 208 (helix 7; Figure 4E −H), among other interactions made by mant-GTP ( Figure S6 ). The nucleotide site of FtsZ monomers thus exhibits considerable plasticity, 27 demonstrating the ability to bind synthetic inhibitors, 30, 32 GTP analogs substituted at C8 in the guanine ring, 28, 29 and the mant derivatives at the ribose O2′ and O3′ positions described herein.
Because the nucleotide binding site becomes part of the longitudinal association interface between monomers in FtsZ filaments, 20, 39 we questioned whether the introduction of the mant group at this interface would affect the key protein− protein interactions necessary for correct FtsZ assembly. Although both Mj-FtsZ and a narrow bacterial FtsZ interface may accommodate mant-GTP without steric clashes ( Figure  4D ), the introduction of the mant group and opening its binding cavity in the monomer may be expected to remodel the association interface with the next monomer and therefore to affect the structural dynamics of a FtsZ filament. We note that in the crystal structure of a discontinuous filament-like Mj-FtsZ dimer, 39 the lower (minus-end) monomer uses loops H7−H6, T3, and T5, among other elements, to contact the upper (plusend) monomer. The movement of these elements to accommodate the mant group in the lower monomer ( Figure  4A -C) should thus modify its association with the upper monomer. However, the available Mj-FtsZ dimer structure is thought to present an open prehydrolysis interface that might close later, 39 rather than a true continuous Mj-FtsZ filament, preventing its use for meaningful MD simulations of the mant-GTP-induced modifications of the Mj-FtsZ association interface and filament structure.
Binding of mant-GTP Induces Polymerization of Archaeal FtsZ into Inactive Curved Filaments. The results described above prompted experimental analysis of how the additional mant group affects FtsZ assembly. Mant-GTP in the presence of magnesium is known to induce nucleated Mj-FtsZ polymerization at 55°C, above a critical protein concentration (C r ) similar to that of GTP-induced assembly, although without nucleotide hydrolysis. 26 In fact, we confirmed that mant-GTP is not significantly hydrolyzed by Mj-FtsZ polymers (mantGTPase rate, 0.02 ± 0.01 min substituent, proceeding with C r values of 0.5 ± 0.1 μM (mant-GTP), 2.2 ± 0.5 μM (GTP) and 2.4 ± 0.2 μM (apo-FtsZ; Figure 5B ).
From these results, we first hypothesized that the additional interactions provided by the mant group at the interfacial GTPbinding site between Mj-FtsZ monomers may favor polymerization. However, drastic structural differences in the formed polymers were found. The mant-GTP-induced Mj-FtsZ polymers are curved spiral-like thin filaments at 25 or 55°C ( Figure 5C,D) , considerably different from the straight filament bundles formed with GTP or the bundles observed without added nucleotide ( Figure 5E ,F). These observations correct our previous report of a similar morphology for mant-GTP and GTP-induced Mj-FtsZ polymers. 26 The addition of GTP in excess over mant-GTP restored the straight polymer morphology, indicating that the mant-GTP effect is specific to the nucleotide-binding site. The mant-GTP-induced polymers are actually similar to the helically curved polymers of inactive MjFtsZ with GDP, 41 or with the C8-morpholino-GTP inhibitor 29 or those observed for curved GTPase-inactive mutants of the Mj-FtsZ assembly switch. 42 Therefore, we can reasonably conclude that mant-GTP behaves as a nucleotide inhibitor that induces abnormal polymerization of Mj-FtsZ into curved polymers with a defective GTPase site between subunits, which are characteristic of the assembly inactive forms of this protein; thus, these polymers are expected to have impaired dynamics. The filament curvature possibly prevents the cocatalytic loop T7 residues Asp235/Asp238 of the upper subunit 39 from approaching bound GTP for hydrolysis. Remarkably, a similar curved polymer phenotype is induced by different GTP analogs or GDP and even by the allosteric effects of mutations at the cleft between FtsZ domains. This observation suggests that a nonfunctional polymerization product of archaeal Mj-FtsZ is formed in each case, possibly entailing a closed-cleft inactive conformation of FtsZ making weaker contacts with the neighbor subunits in the filament.
42,43
Mant-GTP Behaves As a Substrate or Inhibitor for Different Bacterial FtsZ's. Next, the polymerization study was extended from the archaeal protein to FtsZs from model Gram-positive (Bs-FtsZ from Bacillus subtilis) and Gramnegative (Ec-FtsZ from Escherichia coli) bacteria. Bs-FtsZ assembles with mant-GTP with a higher Cr (5.6 ± 0.3 μM) ). Thus, we can conclude that, strikingly, mant-GTP is an assembly inducer and a slow substrate for Bs-FtsZ, rather than an inhibitor.
In contrast, Ec-FtsZ with mant-GTP forms short curved filaments and mini-rings that can be observed in open or completely closed shapes and do not sediment as the FtsZ-GTP polymer in the assay ( Figure 6B ; pellet inhibition by mant-GTP was reversed by GTP). Ec-FtsZ exhibits markedly reduced mant-GTPase activity (mant-GTPase rate, 0.08 ± 0.01 min ). This observation is compatible with a disruption of the proper longitudinal contact for GTPase activation in the curved association mode. Thus, mant-GTP behaves as a specific assembly inhibitor of Ec-FtsZ. We note that the mini-rings (21 ± 3 nm in diameter) resemble those formed with Ec-FtsZ-GDP on a polycationic lipid monolayer 44 and also those mini-rings that we have observed during depolymerization of Ec-FtsZ at high concentrations (S. Huecas, unpublished results).
The markedly different effects of mant-GTP on the assembly of Mj-FtsZ (a non hydrolyzable inhibitor), Bs-FtsZ (a slow substrate), and Ec-FtsZ (an inhibitor) are possibly related to the different assembly interfaces among archaeal and bacterial FtsZs that have been probed with C8-GTP analogs 29 and synthetic inhibitors. 30 Nevertheless, the high structural similarity of the nucleotide binding site of FtsZ monomers from divergent organisms, 45 as well as the similar binding affinities of nucleotide analogs 29 and synthetic competitors 30 to archaeal and bacterial FtsZ monomers, support the use of MjFtsZ as a model for the conserved nucleotide binding site of FtsZ monomers. Among other GTP binding proteins, the inhibition of membrane adenylyl cyclase by mant-GTP is explained by binding of the mant fluorophore within a hydrophobic pocket between protein domains. 7 On the other hand, the unaffected microtubule assembly with mant-GTP 10 indicates the possibility of selective inhibition of bacterial FtsZ rather than the eukaryotic homologue tubulin. The additional interactions between the mant tag and the GTP binding site of FtsZ thus provide clues for the design of new GTP-replacing ligands and FtsZ assembly modulators endowed with antibacterial activity.
Conclusions. FtsZ is a self-assembling GTPase that organizes cell division in most bacteria and is also an attractive target for new antibiotics. We have unraveled the molecular recognition process of the widely used fluorescent nucleotide 2′/3′mant-GTP by the cell division protein FtsZ, at different levels. tr-NOESY-NMR indicates that FtsZ specifically binds mant-GTP in the anti glycosidic bond conformation as for GTP. Both the 2′-mant-GTP isomer (in two distinct ribose puckering conformations) and the 3′-mant-GTP isomer (only the preferred C2′ endo conformer) can bind, underscoring the plasticity of the FtsZ nucleotide binding site. STD-NMR indicates that the aromatic mant ring participates in substantial interactions with FtsZ. This observation is also supported by MD simulations of FtsZ-mant-GTP complexes that reveal an extension of the conserved GTP-binding site of FtsZ monomers. Because the nucleotide binding site becomes part of the longitudinal association interface between monomers for assembly into functional FtsZ filaments, the introduction of the 2′-or 3′-mant groups attached to the nucleotide ribose remodels the association interface between the FtsZ monomers, disrupting normal assembly. Indeed, mant-GTP binding to archaeal Mj-FtsZ induces polymerization into curved inactive filaments that no longer hydrolyze the nucleotide and also inhibits the assembly of the Gram-negative bacterial Ec-FtsZ. In contrast, mant-GTP is a substrate for the Gram-positive BsFtsZ. These observations support the existence of different assembly interfaces among FtsZ proteins. We propose that the additional interactions provided by the fluorescent mant tag at the extended GTP-binding site may be exploited for the design of high affinity synthetic inhibitors of FtsZ that can suppress cell division of bacterial pathogens.
■ METHODS
Nucleotides, FtsZ Proteins and Biochemical Methods. mant-GTP (triethylammonium salt solution) was obtained from Jena Bioscience. Prior to the NMR experiments, mant-GTP was lyophilized and dissolved in 99.9% D 2 O (Cambridge Isotope Laboratories) to a concentration of 50 mM. GTP (lithium salt) was from Sigma. FtsZ from M. jannaschii (Mj-FtsZ) was overexpressed in E. coli BL21(DE3) pLyS cells, purified, and depleted of nucleotide (apo-FtsZ) as previously described. 41 For NMR experiments and their biochemical controls, Mj-FtsZ was equilibrated in 25 mM d 11 -Tris-DCl, 50 mM KCl, and 1 mM EDTA dissolved in 99.9% D 2 O, with an uncorrected pH of 7.4 (Tris-D 2 O buffer), using an HR 10/10 Fast Desalting Column (Pharmacia Biotech), and then concentrated with a D 2 O prewashed Centricon YM10 (Millipore) filter at 4°C. The concentration of apo-FtsZ was determined spectrophotometrically using an extinction coefficient ε 280 = 6990 M −1 cm −1 . FtsZ from B. subtilis (Bs-FtsZ) was overexpressed in E. coli C41(DE3) cells and purified as described, with ∼0.05 guanine nucleotide bound per FtsZ. 30 FtsZ from E. coli (Ec-FtsZ) was overproduced in transformed E. coli BL21(DE3) cells and purified using a Ca 2+ -precipitation and anion-exchange method, with ∼0.8 guanine nucleotide bound. 46 Experiments in H 2 O were performed in 50 mM Mes-KOH, 50 mM KCl, 1 mM EDTA, 10 mM MgCl 2 , at pH 6.5 (Mes buffer), except as indicated otherwise. Mant-GTP (50 nM) was titrated with increasing concentrations of apo-FtsZ in Tris-D 2 O buffer and compared to similar titrations in 25 mM Tris-HCl, 50 mM KCl, 1 mM EDTA in H 2 O, at pH 7.4, both with 10 mM MgCl 2 and at 25°C. Anisotropy measurements, and the calculation of free and bound fluorophore and binding constants were performed as previously described. 27, 30 Negative stain electron microscopy of FtsZ polymers was performed as previously described. 29 Hydrolysis of GTP or mant-GTP (1 mM) by FtsZ (10 μM) was measured from the released inorganic phosphate in Mes buffer, at 25°C for Ec-and Bs-FtsZ and at 55°C for Mj-FtsZ, and FtsZ polymers were quantified by isothermal pelleting and protein concentration measurement. 30 Association State of Mj-FtsZ under NMR Solution Conditions. Unassembled Mj-FtsZ is known to form oligomers in a nonspecific, magnesium and nucleotide insensitive manner that is unrelated to polymerization. Mj-FtsZ is monomeric only at submicromolar concentrations below the NMR sensitivity. We thus analyzed the Mj-FtsZ association state in Tris-D 2 O buffer with sedimentation velocity measurements in an analytical ultracentrifuge as previously described. 29 The sedimentation coefficient distribution of FtsZ (30 μM) was not significantly modified by mant-GTP (0.6 mM) compared to GTP (1.2 mM), showing in both cases a main (82−87%) s 20,w = 5.8 S sedimentation boundary compatible with FtsZ dimers and smaller proportions of s 20,w = 3.8 S FtsZ monomers (8−14%) and s 20,w ≈ 8.6 S tetramers (2−4%) ( Figure S3B ). These results indicated that the mant nucleotide does not participate in the limited Mj-FtsZ oligomerization, permitting NMR analysis of mant-GTP binding to the GTP binding site without potential interference from changes in protein association.
NMR Experiments. NMR spectra were recorded on a Bruker AVANCE 600 MHz spectrometer equipped with a triple channel cryoprobe. Free mant-GTP was diluted to 1 mM in Tris-D 2 O buffer. The coupling constants were obtained from the splitting measured in the 1 H NMR spectrum. NMR assignments were based on coupling constants, assisted by standard 2D-TOCSY (20 and 60 ms) and 2D-NOESY experiments. The NOESY cross-peaks were essentially zero at 298 K; therefore 2D-NOESY experiments (500 and 700 ms mixing times) were recorded at 313 K, where the NOEs are moderately positive. For the binding studies, Mj-FtsZ (30 μM) was equilibrated in the same Tris-D 2 O buffer (without MgCl 2, to avoid FtsZ polymerization). 2D TR-NOESY experiments were recorded using mixing times of 100 and 200 ms at 298 K, with a 20:1 nucleotide/protein molar ratio. No purging spin-lock period was employed to remove the NMR signals of the macromolecule background. STD-NMR experiments were performed with 20:1 nucleotide/protein molar ratios at 298 K. A series of Gaussian-shaped pulses of 49 ms each were applied, separated by 1 ms delay, with a total saturation time for the protein envelope of 2 s and a maximum B1 field strength of 50 Hz. The offresonance frequency was set at δ = 100 ppm (at which no proteins signals are present) while the on-resonance frequency was applied at δ = 0 ppm. The spectra were multiplied by an exponential linebroadening function of 1 Hz prior to Fourier transformation. A 15 ms spin lock pulse was applied to minimize the background protein resonances. To obtain epitope maps of mant-GTP isomers, the STD intensities were normalized with respect to that of the highest response.
Conformational Analysis of Free 2′-and 3′-mant-GTP. Molecular mechanics calculations were performed using MacroModel 9.6 (Schrodinger, LLC, New York) as previously described. 29 The 3D structures of 2′-and 3′-mant-GTP were built using C2′ endo (Protein Data Bank (PDB) entry: 1a8r) and C3′ endo (PBD entry: 1tvk) conformations of the furanose ring of GTP as starting geometries. The syn-anti conformational equilibrium for each furanose puckering was analyzed with a coordinate scan around the glycosidic torsion angle (χ, defined as H1′−C1′−N9−C8). We also performed a coordinate scan combining the χ angle and the CO−O−C2−H2 or CO−O−C3−H3 angles for 2′-mant-GTP or 3′-mant-GTP, respectively. All the calculated structures were then analyzed in terms of their potential energies. The J 1′,2′ and J 3′,4′ coupling constants for both isomers were calculated from the ensemble averaged torsion angles and for the corresponding local minima using the empirical generalization of the Karplus equation 47 and were compared to the experimental coupling constants. Additionally, selected interproton distances, H8−H1′, H8− H2′, and H8−H3′ and those between ribose protons and the fluorescent aromatic tag, were also measured and compared to the corresponding NOE experimental data. The conformations that better explain the experimental data in solution were further minimized using OPLS* as a force field, 48 where the bulk-water solvation was simulated by using the generalized Born/surface area (GB/SA) continuum solvent model. 49 The general PRCG (Polak-Ribiere Conjugate Gradient) method for energy minimization was employed.
Molecular Dynamics Simulations of FtsZ-mant-GTP Complexes. MD simulations in water and counterions, 0.15 M NaCl at pH 7.4 and 300 K, were performed with the AMBER 11 package 50 as previously described. 29 The 2′-and 3′-mant-GTP structures were obtained by substitution of H2′ or H3′ ribose protons respectively for the mant group in GTP (from the PDB entry 1w5a, chain A). Representative structures for each conformer were obtained from 4 ns MD simulations of the ligand alone, taking an averaged structure from the last 0.5 ns, when it is stabilized. The initial structures of Mj-FtsZ in complex with 2′-and 3′-mant-GTP-Mg 2+ were obtained by exchanging GTP (PDB 1w5a) with the 2′-and 3′-mant-GTP conformers. These models were then energy minimized, equilibrated, and subjected to 20 ns MD simulations. The Bs-FtsZ structure (PDB 2vxy) was modeled onto the Staphylococcus aureus FtsZ filament structure (PDB 3vo8), and Bs-FtsZ dimer complexes with 2′-and 3′-mant-GTP-Mg 2+ were obtained by exchanging the nucleotide as described above, followed by energy minimization. 
